We have cloned the gene for the lac operon repressor (lad) of Escherlchia coli into the M13 related phage fl. Mutagenesis of the lacl gene was performed in vitro by filling dsDNA molecules gapped over the lacl gene with Avian Myeloblastosis Virus (AMV) reverse transcriptase. Lacl mutants are found at a frequency of 1 in 10 using a genetic screen in vivo. For twothirds of the 60 mutants, lesions were identified within the first A00 bases of lacl, by dideoxy sequencing. An unexpectedly wide range of different lesions were observed, including transitions, transversions, and deletions (of which the most common were the removal of single base pairs). The replacement of dTTP by dBrUTP in the filling reaction resulted in a doubling of deletions in the sample population as well as the anticipated T to C and C to T transitions. Although the lacl gene has been extensively studied in vivo, the power of this technique for mutagenesis in vitro is demonstrated by the generation of three previously undescribed lacl mutations.
INTRODUCTION
The availability of mutants is often a limiting factor in biological investigations, and many genetic studies are dependent on the occurence of spontaneous lesions. Although the frequency of mutations can be enhanced by the use of chemical agents, base analogs, and ionizing radiation, under most conditions much is still left to chance. The mutagenesis of whole organisms can now be augmented by specific techniques for site-directed mutagenesis of DNA in vitro. These techniques include selection for base-pair changes at a predetermined site (1) (2) (3) (4) (5) , the introduction of deletions to restore a reading frame (6) , the use of sodium bisulfite to generate C-G to T-A transitions (7, 8, 9) , and the incorporation of the base analog N^-hydroxy-dCTP to generate T-A to C-G transitions (10, 11) . However, each of these techniques has limitations. Some require advance predictions of which precise base to change, others are limited to generating a specific type of mutational event.
Establishment of a system in which a wide spectrum of lesions can be generated in a single reaction at different sites within a defined region of DNA would be of great value. Such a system would not require prior inference of either the type or location of a functional alteration in the chosen segment of the genome.
We have selected the gene for the lac operon repressor (lad) as our model mutagenlc target for several reasons. Mutations of lad have been extensively studied in vivo (12) , produce a readily detectable phenotype, and are non-lethal, so less restraint is placed on the generation of mutations.
Moreover, a comparison of the nutatlonal spectrum generated in vivo and in vitro is likely to prove instructive in comparing mutational bias.
Previous studies from this laboratory have employed base analog incorporation by E_. coll RNA polymerase into limited segments of DNA and RNA, to study the participation of base-pairing and secondary structure in transcription termination (14, 15) . Replacement of the bacterial enzyme with Avian Myeloblastosis Virus (AMV) reverse transcriptase, which has been shown to misincorporate nucleotldes at a high frequency (13) , seemed likely to generate mutations at a useful rate, which could be further enhanced by the incorporation of the base analog dBrUTP. We report here the results of these studies as applied to lad, and the discovery that this system generates a wide range of different lesions in vitro. The method is expected to be applicable to any segment of a genome that can be cloned into an M13 or fl derivative, and will be useful not only in generating mutations, but also in studying the mechanisms of mutagenesis as well.
MATERIALS AND METHODS

Phage
The R229 phage was the generous gift of Dr. Jef D. Boeke and contains a unique EcoRI site in the intercistronic region of the phage fl (16) . M13mp8 was obtained from Dr. I. Eperon.
Bacterial Strains and Media
Strains used in this study were: JM101 (lac-pro del, supE, thi / F' proAB*, laclQ, lacZ del M15, traD36), obtained from Dr. I. Eperon, CSH22
(la£-£ro del, trpR, thl / F' proAB+. lac t ) obtained from Dr. K. B. Low, and MC1061 (hsdR, araD139, ara-leu del 7697, _la£ del X74, galU, galK, strA / F' proAB + . lacI-Z de!150, kan r ) (21) . M9 minimal plates, TY plates, and LB broth were prepared as described (17) . Beta-galactosidase indicator plates contain 30 ug/ml X-Gal (5-bromo, 4-chloro, 3-indolyl-beta-D-thiogalactosidae), and a final concentration of 0.1 mM IPTG (isopropyl-beta-D-thiogalactoside).
Tester Strain Construction
The F'150 episome has a lacI-Z deletion that results in a fusion protein defective in repressor function but capable of acting as an alpha acceptor for beta-galactosidase activity. The episome also carries the proAB genes and resistance to kanamycln. Strain MC1061, in which this episome was originally maintained, did not support the growth of phage fl for unknown reasons. Since CSH22 does support fl growth, we cured it of its F' episome, and crossed it with MC1061 F'150 selecting for growth on M9 minimal media. The MC1061 F'150 requires leucine, and the cured CSH22 strain requires proline, thus only CSH22 cells to which the F'150 had been introduced would be viable. After testing for the expected genetic markers, we chose one candidate, refered to as JM2000
Qac-pro_ del, trpR, thi / F' proAB, lacI-Z dell50, kjm r ). JM2000 strain is lacl~. but will produce active beta-galactoside when suppled with the alpha complementing peptlde.
Formation of Gapped Molecules
Single stranded circular DNA of R1.7, which contains the lad gene 
DHA Sequencing
Single-stranded DNA was prepared as described (18) 
RESULTS
Our design for a simple, rapid, and efficient method for mutagenesis demanded three primary attributes by which to characterize the system: 1) the generation of mutations should be confined to a small region of DNA, 2) mutant phage should be easily identified, and 3) the mutations obtained should be rapidily sequenceable. We have met these requirements in the following ways.
Cloning of Lacl into f1
In order to limit mutagenesis to a defined region, we cloned the lacl The gapped molecule was filled with NTPs using AMV reverse transcriptase. When the base analog dBrUTP was used, a brief incorporation of the analog was followed by the addition of a 20-fold excess of dTTP. The filled molecules were llgated and transfected into the indicator strain JM2000 in the presence of IPTG and X-Gal. Individual blue plaques were subplated on JM2000 in the presence of X-Gal only. Blue plaques which appear under these conditions indicate the presence of a lesion in the lad gene. These mutants were purified and subjected to DNA sequence analysis.
sequence for a lacZ peptide fragment capable of alpha complemention. The (12), and lad repressor is expressed from an iQ promoter, these should be infrequent. Phage from individual blue plaques were purified and DNA was prepared for sequencing.
Detection of Induced LacI Mutations
In initial experiments, the frequencies of lacl mutations were compared using DNA Polymerase I Klenow fragment and AMV reverse transcriptase. For Spontaneous lacl mutants from the R1.7 phage occur at less than 1 in 10^.
The lacl, lacZ' fragment insert of R1.7 was tested and found to be stable.
The difference in the lacl mutation frequency demonstrates that the generation Generation of Lad Mutations. Filling of the gapped molecules using
The filled molecules were transfected and six plaques were picked for both filling conditions. The plaques were subplated on JM2000 with X-Gal, and five lad mutants were selected per parental plaque and sequenced. Each group of five mutants was derived from the same parental plaque. The designation RT refers to those mutations generated by AMV reverse transcriptase alone, and RTB to those generated by AMV reverse transcriptase in the presence of dBrUTP. Numerical designation of mutations uses first G of the initiation codon as number 1. The absence of the mutational description indicates that no base changes were found in the region sequenced. 
Characterization of Lad Mutants Produced By Reverse Transcriptase
After filling with either reverse transcriptase or reverse transcriptase and dBrUTP, six plaques from the original transfection were subplated for detection of lad mutants. To see if there was any heterogeneity among the progeny, five lacl mutants for each original plaque were picked. Phage from these plaques were purified, and single-stranded DNA prepared and sequenced by the dideoxy method. A typical sequencing gel are shown in Figure 2 . In sequencing the mutants, the dideoxy reaction of different mutants which used the same chain terminating nucleotide were run side by side on the gel. Using this strategy it was possible to detect quickly the site of a deletion or base substitution, by comparing the pattern rather than by reading the entire sequence. Running the gels in this fashion also permits reading further downstream. On the average, we are able to read up to about 400 bases into the lacl protein coding sequence. Since the N-terminus of the lac repressor has been shown to be required for repressor binding to DNA (22) , it was hoped that a significant number of lesions would be detected in this region. Table 1 The comparison of RT-13 and RT-14 proves instructive because these mutations may be originating from the filling reaction caught before and after segregation due to recombination and repair. RT-13 and RT-14 both contain the same base change at position 171. Since this base change does not result in a change of amlno acid usage, it is assumed that this change does not result in a lacl mutation. The RT-13 also contains a transversion at position 222 which results in a histidine to leucine amino acid change. We infer that the RT-14 mutant must have an additional lesion outside of the first 450 bases which accounts for the lad mutant phenotype.
Comparison of Mutational Classes Generated with and without dBruTP
In fillings both with and without dBrUTP, the majority of deletions are single base pairs (Table 2) Changes in certain amino acids appear to be preferentially selected for (see Figure 3) . Three independent mutations were found in the initiating methionine codon, in the alanine codon at position 10, and in the glutamlne Three previously undescribed lacl mutants were generated by the in vitro mutagenesis. Two of these were at amino acid position 10 ( Figure 3 ). The first mutation changes alanine to threonine, and this change occurred in two independent isolates, RT-21 and RTB-3 ( Table 1 AMV reverse transcriptase has been shown to misincorporate bases at a high frequency using either synthetic polynucleotides or reversion of the am-} lesion of Phi X174 (14, 23) . We find that in addition to mlsincorporation, that AMV reverse transcriptase is able to produce deletions at a high frequency in our mutant sample population. Most deletions produced with AMV reverse transcriptase are single base pair deletions of an A-T base pair in a run of five adenlne bases, most probably the result of slippage of the polymerase. The AMV reverse transcriptase has a preference for misincorporation at G and C bases. No such preference would have been prepredicted from misincorporation studies using poly(dA) and poly(dG) as templates (14) .
In the presence of dBrUTP the frequencies of deletions more than double. The mutagenic system was designed to permit a general array of lesions.
However, the individual lesion must produce a lacl mutant phenotype on the tester strain. The imposition of this restriction may influence the frequency of different mutational classes. We are in the process of constructing new R1.7 derivatives which will produce very small gapped regions over the lacl gene. This new approach will have several advantages over that described in this paper: 1) it will allow us to confine mutagenesis to a more defined region, removing the Hklihood of second site mutations, 2) base analogs, such as dBrUTP, can be incorporated at all T bases, which would yield data as to the exact frequencies of T-A to C-G transversions caused by dBrUTP, and 3) the mutagenized sequence can be readily sequenced in its entirety. 
